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Al2O3 thin films have been deposited at substrate temperatures between 500
◦C to
600◦C by reactive magnetron sputtering using an additional arbitrary substrate bias
to tailor the energy distribution of the incident ions. The films were characterized
by X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR).
The film structure being amorphous, nanocrystalline, or crystalline was correlated
with characteristic ion energy distributions. The evolving crystalline structure is
connected with different levels of displacements per atom (dpa) in the growing film
as being derived from TRIM simulations. The boundary between the formation of
crystalline films and amorphous or nanocrystalline films was at 0.9 dpa for a substrate
temperature of 500◦C. This threshold shifts to 0.6 dpa for films grown at 550◦C.
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I. INTRODUCTION
Reactive magnetron sputtering (RMS) is a prominent technique to deposit many thin
film materials as for examples oxides and nitrides using metal targets and the addition
of oxygen and/or nitrogen as a reactive component to the argon plasma gas1–4. The film
stoichiometry and its structure can be adjusted by controlling the ion-to-neutral ratio in
the film forming growth flux and the energy of the incident ions given by the ion energy
distribution function (IED). Incident ions may enhance the adatom mobility and promote
thereby crystallinity and/or a certain crystalline orientation3,5,6. This is often quantified by
the energy per deposited atom 〈E〉. This energy depends on the ion energy Eions and on
the ion-to-neutral ratio Jions/Jgrowth in the growth flux with 〈E〉=Eions · jions/jgrowth. Here,
jions is the flux of incident ions and jgrowth the total flux of incorporated atoms in the film.
Under variation of the average parameter 〈E〉 and the ion to neutral ratio jions/jgrowth, it
was shown by Adibe et al.7 and Petrov et al.8 that the average energy per incorporated atom
〈E〉 is no universal parameter for the formation of titanium nitride (Ti0.5Al0.5N). However,
in addition to Musil et al.9, the average energy per incorporated atom is suggested to define
the formation of crystallinity by several authors10–12.
Recently, we devised an experiment to very accurately control the growth flux and the
energy distribution of the incident ions13 by keeping the average energy per deposited atom
〈E〉, the average energy of the incident ions 〈Eions〉, the total ion flux jions and the ion-to-
neutral ratio jions/jgrowth constant, but changing only the ion energy distribution (IED), for
details see13.
We applied this concept to RMS of Al2O3 films as a prominent material with applications
ranging from microelectronics, wear resistant coatings to catalytic surfaces4. The most
common phases of Al2O3 are the γ- and α-phase. α-Al2O3 with its hexagonal closed package
(hcp)14 structure is often used as hard coating on machining tools.
In 2005 Rosen et al. have reviewed phase formation data reported for vapor phase de-
posited alumina6 and summarize that the majority of authors observe that the crystalline
growth temperature appears to be reduced as the mobility of surface species through ener-
getic ion bombardment is increased. In 2010 Jiang et al. report an alpha alumina formation
temperature of 560◦C by utilizing large ion fluxes during PACVD15 as discharge power den-
sities of 19 Wcm−2 resulted in an increase in the energy and the flux of the bombarding
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species towards the growing film, as well as in a more efficient precursor dissociation15. In
the same year, Sarakinos et al. reported an alpha alumina formation temperature of 720◦C
by cathodic arc deposition16 for substrate bias potentials between -40 V and -200 V. Based
on ab initio molecular dynamics calculations17 subplantation of the impinging Al is identi-
fied to cause significantly larger irradiation damage and hence larger mobility in the gamma
alumina as compared to alpha alumina. Consequently, the enhanced mobility results in the
growth of the alpha phases at the expense of the gamma phase.
From the above discussion it can be learned that in addition to the well-established mecha-
nism of ion bombardment mediated surface diffusion the previously overlooked subplantation
mechanism16,17 was suggested to be relevant for the formation of crystalline alumina thin
films.
Previously13, we monitored the transition from X-ray amorphous to γ-alumina to assess
the influence of the ion energy distribution on thin film growth, indicating that typically
one displacement per incorporated atom (dpa) is necessary for that transition to occur. In
this paper, we expand the data set and measured a comprehensive set of XRD and FTIR
data to also identify nanocrystalline samples, which appear as being crystalline in the FTIR
measurement although they are still X-ray amorphous. Based on this large data set, the
hypothesis of characteristic dpa levels to allow for a certain structural transitions in the films
can be more thoroughly tested. Formation of amorphous films, of nanocrystalline films or
of X-ray γ-crystalline Al2O3 films was observed by FTIR and XRD. It has to be emphasized
that our parameter interval is restricted to only the variation of the ion energy distribution
function of the incoming ions and the substrate temperature. Therefore, it is possible to
isolate the effect of the transfer of kinetic energy on the film growth.
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II. EXPERIMENTAL METHODS
A. Film deposition
Thin aluminum oxide films were deposited using a dual frequency magnetron sputter
experiment employing 13.56 MHz and 71 MHz for plasma generation, as described in detail
in13. The discharge was operated at 0.1 Pa at a constant argon flow rate of 9 sccm. The base
pressure in the deposition chamber was 2·10−5 Pa. Based on13,18 this is expected to lead to
H incorporation of <2at.%. The incorporated H atoms from water in the residual gas19 is
small enough that the effect of incorporated water in the films can be neglected. A feedback
loop regulated the oxygen flow into the chamber to avoid target poisoning by monitoring
a constant intensity of the Al I emission line at 396.2 nm using a narrow band pass filter
and a photomultiplier. The adjusted oxygen partial pressure in the deposition chamber was
determined as 8.6·10−3 Pa in average. Thereby, stoichiometric Al2O3 coatings were prepared
as being verified by ex-situ X-ray Photoelectron Spectroscopy (XPS).
The distance between target and the p-doped Si(100) substrate was 50 mm. The substrate
temperature during the deposition process was regulated to 500 ◦C, 550 ◦C and 600 ◦C, re-
spectively. The substrate temperature was directly measured by analyzing the temperature
dependent refraction index of silicon at 632.8 nm by ellipsometry20. This is non intrusive
and measures directly the surface temperature. Any thermocouple at the substrate holder
my read a different temperature due to improper thermal contacts. Pyrometry remain am-
biguous because the emissivity of the coated silicon wafer is not well defined and silicon
becomes transparent in the infrared wavelength range at high temperatures.
B. Substrate biasing and ion energy distribution
The substrate electrode was intentionally biased to tailor the ion energy distribution
function (IEDF) of the incident ions. Rectangular waveforms were generated by a waveform
generator and amplified using a broadband amplifier. A coupling capacitor was used to
connect the biasing signal to the substrate electrode.
The kinetic energy of the impinging ions is controlled as follows: a rectangular biasing
signal can be divided into an on-time (τon) and an off-time (τoff ). The frequency of the
pulsing f is given as f = 1/(τon + τoff ). In our experiments, the on-time τon was fixed to
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a value of 500 ns and a change in frequency f of the applied biasing signal was realized by
changing the off-time τoff only. Thereby, the fluence (= jionsτon) of energetic ions during
growth remains identical in all experiments. The maximum ion energy Eions,max, in case of
collisionless sheaths, corresponds to the voltage drop between the biasing signal Umax and the
plasma potential. Consequently, Eions,max was used as parameter to uniquely characterize
the ion bombardment during film growth.
A typical bias signal for a frequency f=1.01 MHz and a maximum voltage of Umax =
−110V is shown in Figure 1 (a) as being measured at the substrate electrode by an oscil-
loscope. The signal is not perfectly rectangular due to the low pass filtering effect of the
coupling capacitor. The resulting IEDF was simulated from the voltage signal at the elec-
trode by a sheath model, as described by Shihab et al.21. The resulting IEDF is shown in
Figure 1 (b) as ion flux per ion energy interval versus ion energy.
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FIG. 1. (a) Rectangular biasing signal at the substrate electrode at 1.01 MHz, as measured by
the oscilloscope. (b) simulated ion energy distribution function IEDF for the given bias signal
by the model from Shihab et al.21. L and H indicate the low and high energy part of the IEDF,
respectively.
Two prominent peaks (regions H and L in Figure 1) in the IEDF can be identified. The
maximum ion energy Eions,max within the IEDF in Figure 1 (b) corresponds to the maximum
bias voltage applied to the substrate electrode Umax (region H). During this time period,
ions are accelerated by the voltage drop between plasma potential (18 V) and maximum
bias voltage to the substrate electrode (Umax). This results in a maximum ion energy of
Eions,max = 18 eV − Umax · e. In addition, a low energetic peak (region L) originates from
ions accelerated during the off-time τoff with an ion energy corresponding to the voltage
drop between plasma potential and floating potential.
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Frequencies f between 0.80 MHz and 1.60 MHz were applied to regulate the ratio between
the ion flux at high vs. low ion energies. The ion energy of the high energetic peak within
the IEDF was adjusted to a desired ion energy by a defined tailoring of the maximum bias
voltage Umax. Therefore, any ratio between the two peaks within the IEDF and any position
of the high energetic peak can be reached by tailoring frequency f and maximum bias voltage
Umax.
The energy impact during film growth is usually defined by the mean energy per incor-
porated atom 〈E〉 depending on the maximum ion energy of the ions Eions,max, the total
growth flux jgrowth, the ion flux jions and the duty cycle d.c. = τon · f according to:
〈E〉 = Eions,max · jions
jgrowth
· τon · f (1)
The growth flux jgrowth is defined by the incorporated flux of aluminum and oxygen atoms
during Al2O3 film formation. This is deduced from the total film thickness, as measured ex
situ by a profilometer, divided by the overall deposition time. The growth rate g expressed
in nm s−1 is converted into the growth flux in cm−2s−1 using the density of the film ρ and
the average mass M of Al2O3 via jgrowth =
g·ρ
M
. A residual thickness inhomogeneity of 4% is
observed which converts into an error of the growth flux of 5%.
Because XRD analysis of our films exhibits good crystalline quality of γ-alumina (see
below), the film density value from literature of ρ=3.66 g·cm−3 as being reported by Levin
et al.22 seems to have reasonable good agreement with our films and is taken for the further
discussion.
Finally, the ion flux to the substrate surface is required when determining the mean ion
energy per incorporated atom 〈E〉. The ion flux jions was measured using a retarding field
analyzer within a previous work23. It was determined as jions=13.5 · 1018 m−2s−1.
C. Thin film analysis
Phase formation was studied by XRD with a Bruker D8 General Area Diffraction System
(GADDS) on the deposited Al2O3 thin films. The incident angle of the beam was 15
◦ and
the analyzed 2Θ angle range was 20◦ to 75◦. The applied voltage and current settings were
40 kV and 40 mA, respectively. Three different peaks which can be associated to the γ phase
of Al2O3 are identified in the diffraction patterns of our samples. The (311) direction can be
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found within the XRD pattern at an angle of 37.30◦. Moreover, peaks at 45.86◦ and 67.03◦
are identified as (400) and (440) orientations, respectively. Peak positions agree with the
JCDPS file number 10-0425 for γ-Al2O3 at 45.9
◦ and 67.0◦.
Further analysis of the Al2O3 samples was realized by ex situ FTIR transmission mea-
surements using a Bruker IFS 66/S spectrometer. A polarizer was placed in front of the
sample, so that only s polarized light reached the sample. The angle of incidence normal
to the surface was 60◦. Measurements were performed in the wavenumber range between
400 cm−1 and 6,000 cm−1. Background spectra of non-coated silicon wafers were used.
Bru¨esch et al.24 investigated FTIR spectra of amorphous and γ-aluminum oxide. The
evolution of a sharp peak (or dip within transmission spectra) at 950 cm−1 is characteristic
for γ-Al2O3. Further broad oscillations at lower wavenumbers being characterized by Chu
et al.25 at 357 cm−1, 536 cm−1 and 744 cm−1 were identified.
XRD and FTIR assess the crystallinity of the samples on distinct length scales: (i) in
XRD, the coherent scattering of the incident X-radiation from a crystal leads to pronounced
peaks in the XRD diffractogram. In case of nanocrystalline samples, significant line broad-
ening occurs which complicates the evaluation of X-ray profiles. As a consequence, the
distinction between crystalline and amorphous samples depends on the employed diagnostic
method and nanocrystalline samples may not be detected by XRD. (ii) in FTIR, the sig-
nal originates from the absorption of single Al-O bonds at a frequency depending on the
configuration of the next neighbors. If nanocrystallites are formed, characteristic LO or
TO phonon peaks may appear in the infrared spectrum, whereas the coherent overlap of
the scattered light in XRD by crystalline region and amorphous sites may still show X-ray
amorphous diffraction patterns.
Based on the different measurement principles of XRD and FTIR, the transition from
amorphous, nanocrystalline, to crystalline samples can be assessed, as illustrated in Figure
2 for films deposited at different deposition conditions, as described below: (i) Figure 2 show
the spectra for amorphous films, since no distinct peaks in the XRD diffractogram (a) and
no sharp absorption for TO phonon at approximately 950 cm−1 is found (b) ; (ii) Figure 2
shows an XRD diffractogram (c) for a nanocrystalline film, which appears XRD-amorphous.
Infrared absorption at a wavenumber of 950 cm−1 reflects the formation of nanocrystallites,
which is shown in Figure 2 (d); (iii) Figure 2 shows an XRD diffractogram (e) for a crystalline
film with sharp peaks in the XRD diffractogram at position characteristic to γ-alumina. In
7
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FIG. 2. Typical XRD- and FTIR-spectra for amorphous samples (a and b), for nanocrystalline
samples (c and d), and for crystalline samples (e and f).
addition to the XRD signature, pronounced absorptions for TO phonon become also visible
in the IR spectrum (f).
It is important to note that the identification of the nanocrystalline phase from a compari-
son of the XRD and FTIR data remains ambiguous for very few cases, because the sharpness
of the TO-phonon peak in FTIR is not as distinct as the analysis of the diffraction peaks in
the XRD diffractogram. Those samples are marked in the presented data sets.
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III. RESULTS AND DISCUSSION
A large set of 73 samples was prepared in the substrate temperature range between 500 ◦
and 600 ◦C at a pressure of 0.1 Pa. The IEDF was tailored using frequencies f in the range
between 0.80 MHz and 1.60 MHz for the pulsed bias and maximum bias voltages between
-25 V to -280 V. The range of operating parameters and the resulting average energies 〈E〉
are listed in Table I. The samples were analyzed ex situ by XRD and FTIR with respect
to their structure. The deposition is characterized by the maximum ion energy Eions,max
and the average energy per incorporated atom 〈E〉. Figure 4 shows the results for the
amorphous samples (open triangle), the nanocrystalline samples (half filled squares), and
the crystalline samples (solid squares) for three different substrate temperatures of 500 ◦C
(Figure 4a), of 550 ◦C (Figure 4b), and of 600 ◦C (Figure 4c). The dashed areas in Figure
4 indicate deposition parameters, which are not reasonable, because the average energy 〈E〉
cannot be larger than the maximum energy Eions,max.
Finally, the correlation of the deposition parameters with the structure of the deposited
films may be affected by nucleation phenomena.
Deposition/ Adjusted values
Biasing parameter
Temperature T 500 ◦C, 550 ◦C, 600 ◦C
Biasing frequency f
0.80 MHz, 1.01 MHz,
1.20 MHz, 1.40 MHz,
1.60 MHz
Mean energy per incor-
10 eV...30 eV...60 eV
porated atom < E >
Maximum Biasing
-25 V...-280 V
voltage Umax
Maximum ion
7 eV...262 eV
energy Eions,max
TABLE I. Deposition parameters for Al2O3 growth by reactive magnetron sputtering with an
additional substrate bias.
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The data in Figure 4 indicate that crystalline films are usually obtained if the average
energy 〈E〉 and the maximum energy Eions,max are above a certain threshold. This becomes
more critical at lower substrate temperatures, where also amorphous films are observed
at low 〈E〉 and Eions,max. The films at intermediate values for 〈E〉 and Eions,max show
nanocrystalline behavior. At a temperature of 600 ◦C, aluminum oxide is deposited in the
γ phase even for very low ion bombardment and only very few samples remain amorphous.
This rough analysis already illustrates that an increasing energy input during film growth
induces a transition of the film structure from an amorphous to a nanocrystalline and finally
to a crystalline structure. This is in agreement with the current general understanding of
energetic film deposition.
The ion-induced formation of a nanometer size crystal or the γ phase could be induced
by displacement events within a collision cascade. These displacements generate mobility
and may turn enable the the formation of a crystalline structure. This very general picture
can be tested with our data by comparing the samples, as plotted in Figure 4, with TRIM
simulations26 to calculate the displacements per incorporated atoms in the growing films.
TRIM simulations were performed for argon ions, which initiate a collision cascade in
an stoichiometric Al2O3 film. Surface binding energies for Al atoms and O were assumed
as 3.36 eV and 2.00 eV, respectively. A density of 3.66 g cm−3 was assumed22 and mono
energetic argon ions with energies between 28 eV and 308 eV. This corresponds to maximum
voltages at the substrate electrode Umax of -10 V to -300 V, respectively. The displacement
per ion (dpi) for the different ion energies was calculated and plotted versus ion energy in
Figure 3. No distinction between displacing aluminum or oxygen is made. A threshold
energy of 32 eV for aluminum oxide is necessary to induce a displacement event within the
Al2O3 film. Ion bombardment by a rectangular bias signal establishes two distinct peaks
with different ion energies impinging onto the substrate surface. Ions with low energies with
18 eV are below the threshold to initiate a displacement within the aluminum oxide film.
Only ions with ion energies above the critical value of 32 eV have enough energy to initiate
a displacement within the film. The low energetic ions are accelerated within the off period
of the bias signal, whereas high energetic ions are produced during the on-time of the signal.
Therefore, only ions from the high energetic peak within the IEDF account to the dpi within
the Al2O3 films.
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FIG. 3. TRIM calculation for displacement per ion (dpi) for Ar ions impinging onto an Al2O3
surface.
The displacements per ion (dpi) are converted into displacements per atom (dpa) during
film growth by multiplying it with the ratio between energetic ion fluence per puls jionsτon
and the growth fluence jgrowth(τon + τoff ):
dpa = dpi · jions
jgrowth
ton
ton + toff
= dpi · jions
jgrowth
ton · f (2)
Equation 1 can be combined with eq. 2 yielding a dependence of the dpa level on the
control parameters Eions,max and 〈E〉:
dpa = dpi · 〈E〉
Eions,max
(3)
11
250
200
150
100
50
0
250
200
150
100
50
0
300
250
200
150
100
50
0
0.2 0.4 0.6 0.8 1.0 1.2 1.4
0.2 0.4 0.6 0.8 1.0 1.2
1.4
0.2 0.4 0.6 0.8 1.0 1.2
1.4
(a)
I II
R=3
R=1
R=2
 
E
io
n
s
,m
a
x
 [
e
V
]
0 10 20 30 40 50 60 70 80 90 100
 
(c)
II
 
    amorphous    nanocrystalline    crystalline     
E
io
n
s
,m
a
x
 [
e
V
]
500 °C
III
550 °C
(b)
 
E
io
n
s
,m
a
x
 [
e
V
]
<E> [eV]
600 °C
FIG. 4. Al2O3 film structure as identified from the XRD- and FTIR spectra being amorphous
(open triangles), nanocrystalline (half filled squares), or crystalline (filled squares) in dependence
on the average energy per incorporated atom 〈E〉 and the maximum ion energy Eions,max. The
shaded areas exclude unreasonable combinations of 〈E〉 and Eions,max. The substrate temperature
during deposition was set at 500 ◦C (a), at 550 ◦C (b), or at 600 ◦C. The contour lines show the
displacements per atom (dpa), as calculated from the displacements per ions (dpi) simulated by
TRIM and the ion-to-neutral ratio in the growth flux. The measured film structures are separated
into two regions I and II, characterized by different dpa levels. The ion flux to total growth flux
ratio R is shown as straight lines in (a).
The resulting dpa levels are then plotted as contour lines in Figure 4, separating the sam-
ples into two regions (indicated as I and II in Figure 4) for different substrate temperatures:
• Deposition at 500◦C: in region I (dpa < 0.9), most films are amorphous or nanocrys-
talline, while in region II (dpa > 0.9) all films are crystalline. The threshold may also
be aligned to a certain mean energy per deposited atom 〈E〉, which might be detected
at 43 eV.
The observation of different dpa threshold values being necessary for a structural trans-
formation from amorphous to nanocrystalline or from nanocrystalline to amorphous,
respectively, is consistent with the current understanding of energetic film formation:
a certain energy input is required to allow for the formation of a specific phase of the
material.
The separation of the samples into different regions depending on the dpa level is
similar to a criterion solely based on the average energy per deposited atoms for ion
energies above 150 eV. This is illustrated by the contour lines being almost parallel to
the y-axis due to the linear relationship between dpi and ion energy at high energies
(see Figure 3).
The separation of the samples into different regions may be regarded in more detail.
Petrov et al.7 made an observation indicating that besides an average energy, the
absolute energy has to be at least high enough for the incident ion to penetrate into
the material and to displace atoms. This criterion, however, is already the basis of
the dpa contour plots. In our case, we still see structural changes although the dpa
level remains the same if we follow individual contour lines at the border between the
regions. The only remaining difference for those samples is the fact that the dissipated
energy is distributed among several species for Eions,max > 200 eV, but dissipated only
by a few atoms for Eions,max < 150 eV. The number of atoms that dissipate the ion
energies are given by the flux ratios, which are additionally plotted in Figure 4 (a).
• Deposition at 550◦C: in region I (dpa < 0.6) most films are amorphous or nanocrys-
talline, while above a dpa value of 0.6 all films become crystalline. One can clearly see
that the boundaries between amorphous or nanocrystalline films to crystalline films
shifts to lower dpa levels. This is consistent with the current understanding of film
formation that less ion-induced mobility is required at higher substrate temperatures.
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• Deposition at 600◦C: all films become crystalline, irrespective of the dpa level.
Apparently, the substrate temperature is high enough so that even very small dpa levels
are already sufficient to induce the formation of crystalline films. A clear transition
between region II and I cannot be identified anymore in our data set.
A close inspection of Figure 4 shows that very few samples are not located consistently
in the respective region - crystalline films in region I instead of II, or amorphous/ nanocrys-
talline films in region II instead of I. This deviation may be induced by two effects, the
variation in the nucleation process or the variation in the grain size distribution:
(a) In nucleation a delicate competition between amorphous and crystalline phases can
occur, where small deviations in the initial condition such as substrate morphology,
contamination etc. may lead to growth of completely different film structures.
(b) The distinction between crystalline and amorphous films by XRD depends very sen-
sitive on the grain size distribution. For small grains or low grain size density, a
crystalline phase might easily be undetected by XRD. However, it should be empha-
sized that the vast majority of samples can consistently be located in region I and II,
respectively.
The mapping of the film structure on the parameters of the energy input during film
growth expressed in Eions,max and 〈E〉 and its comparison to the dpa levels that are induced
during film growth shows good agreement. One may extrapolate this scaling to Al2O3
deposition in general, to predict the film structure in the plasma based on the operating
parameters of the system. The description of the IEDF with a maximum ion energy is only
reasonable for rectangular bias. The underlying important quantity however is the dpa level
in the film, which can be uniquely calculated using TRIM calculations for any ion energy
distribution function. The extrapolation of the proposed scaling approach for other bias
waveforms is currently under way.
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IV. CONCLUSION
Al2O3 thin films have been deposited at substrate temperatures between 500
◦C and 600◦C
by reactive magnetron sputtering using an additional arbitrary substrate bias to tailor the
energy distribution of the incident ions. The formation of crystalline films as opposed to
amorphous or nanocrystalline films depends on a critical threshold of 0.9 displacement per
incorporated atom at 500◦C substrate temperature. This threshold shifts to 0.6 dpa with
increasing substrate temperature to 550◦C. One can conclude that for fixed neutral to ion
fluxes to the film surface, the dpa value is a predictor for the formation of crystalline Al2O3
films. The driving mechanism of the formation of crystalline structures is the enhanced
mobility of surface atoms due to Ar ion bombardment. As the dpa value increases, the
formation temperature of crystalline Al2O3 thin films is decreased.
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